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PREFACE

The explosions of the atomic bombs over Hireahima and Nagasaki ngLurally
oreated a sensation; but their greatest effects were felt in englneering and
technioal circles concerned with the guestion of nucliear emergy. ILying
dormant until that moment vithin heavy atoms, ut occasicnally escaping from
the heaviest aioms as natural radivcactivity, this energy was at last set free
by man. Now the problem is to harness it to work for the good of mankind.

Intersst in the sensational appearanse of nuclear energy on the stage of
the Far East theater of war must give way to a more peaceful thirst for
knoxledge, a deeper study of atomls structuve {or more acourately, of atomic
nucle!), the concentration of the eanergy under discussion, and the nuclear
prooesses under which it ie ilberated.

The essence of this problem can be expressed in a few lliues.
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The nghteab atom, hyaragen, censiets ’)f a pusltl 0Ly \harged particle,

“the proton, which is ‘the S1mpieat atomic micim ¥, ana a negatively charged
el-ctyon. The heavier atoms <cneist of, or more accurarely, san be made up of, :
geveral Yydrogen atons; &s the English acientist Frout suggestod a hundres ) - ' -
years agoe. Morenver, part of the elsciruns form.the light electronic envelope )
arcund the atom, while the rest form part of the heavy, but exttemsly amsll,
positively chargad nucleus. In this mucleus the slectrons no longer exist in
the form of independent particles; ingtead, they are united with soms of the .-
protons to form the neutral particles calied neutrons. -YWhen hydrogen atoms
unite to form more complicated atoms rr ave annexed to similar atoms, tremondous
ensrgy 18 glven off, epproximately & milllon times greater than the energy
liberated in ord»mry chemical reaction auch as in the nnion of two atoms of
hydrogen to form a molecule of hydrogen. In other werds, the energy liberated
in converting one gram eof hydrogen iato one.grem of a heaviér element, helium

*,w.&, . for example, ls approximately edquel tc the energy set free in the chemical

g ""3" ualon of one ton of atomic hydrogen to form mciecular hydrogen.

The procesges of converting hydrcgen into heavier atoms take place only : |

&t vory High temperatures, tens of miilions of degrees, which until now were . \ B

unattatnable on the earth and were veached cnly in the Interivr of stars due to T

compression by gravity. - The energy radiated from the ~urface of the sun and

other stara in the form ¢f light 1s the energy libterated in the depthsa of thege

Andsndescent balle of gas due to the conversion of hydrogen. into heavier elemants.

Up to the present, thersfors, we have been passive witnssses to distant nuclear
,hmrrouensea on:a grand aca]e, vhicn have revialed nothing of thelr nature, although

our very existence on earth hes depended upeq them.

During the transmutation c¢f hydrogen atoms into heavier atoms in the interior
of the sun dnd atare, ruclear energy is radieted in powerful outward stroams. .
Under such conditlons can one speak of its "accumulation® 1a the compiicated v
atoms forzed thereby? Are not cheee heavy ~omplicatod atows the Lomba of atomlc
energy rather than their sources?

Indeed, comparatively light elsmente with atomic weighta up to 100 - 150
ars gimilar “tombs,” L.e., incapable of further release uf energy. XHeavier
eloments, however, in spite of the ract that great amcunts cf energy nave
already been liberated from them during thelr formstion frnz hydrogen, c¢an
st1ll serve a&s aources of ecomewhat lesser, though wtill titanic energy by
dividing their naclel intov two daughter {complex) nuclei, rougaly equal in
size, This cilrcumatance, dependeni upcen the powerful f‘or”ea of nuclear
atiraction tinding protons-erd neutrons in hsavy nuclel, is resisted by the
forces of eleotric ropvlsicn between positiveiy charged protons. When ths
number of the latter increares, these forces, striving to eplit the atomic
nuoleus, grovw more rapldly than the nuclear forces nf cohesion. That is why
the heavy nuclel are metastable, i.e~, only couparatively stuble, for with a
small expenditure of energy to overcome their stability, they disintegrate or
divide. This process of diversion or disintegration invu emaller nuclel is
acoompanied by the liberation of a titaric amount of "sub-atomic® energy,
incomparably greater than the energy aspent in tiie process of literation.

In the case of heavier elemeats, the energy required to disirtegrate
the nucleus into a light nelium nucleus and & residual heavy nucieas, or into
two daughter nuclei of approximately squal size, is so small in comparison
that the nuclsi of these elemente are themeelves disintegrated. But this
disintegration oonstitutes in part the essence of the phenomenon of radio-
activity. These heavy elements are fcund in the earth only in very small
aizes, such as those of grains. Radiocactivity takea plase Iin them extremely
alowly -- tooslowly to have technical significence. Elements heavisr than
uranium, the transuranic elemsnts, do not exist under natural conditions
beosuse they would bhave too little stability and would disintegrate too rapidly.
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o Modern nuclear phydics enables aviif produsticn of transuranium
o g o olement s wialth ohowid’ DN wss LLasGlate .y Phsasiuinyn Menasaeyevia periodlc
) system, neptunium {No 93) and riutonium {Ne 94).  :Rezentiy, according to a
).‘ ' communication from an American physi-iat, Sleburg, tve: new elements have been
added to 1t: No 95, cailed "Amerizfum™ and No 96, "tarium.®Y Tht | note was added’
during vevision.) It has provad pees!dis ho cbtaln pluronium in sufficlent guantitles .
for uee as the sxplosive in atomic. bumbe. i .

Such a primary expiuelve way be previded Ly a ifght isotepe. of uranium
(the sv-calied actlnouranium »r redicursnjum) as weli as by piutonium, if it
13 1sclated in pure form and in sufficlentiy large guantities. Moreover, in’
‘both cases the exploszicn may be brrught ahoutr withrut e preilmirary rilse in
temperature by the rapld mltipiication of neutrvng ¥hich. causs the. fiseion of
the plutopium or actinouranium nuclel. and iv turn develtr a dsuble or triple
number of neutrons at eash fisston {"ahain explosion™). .

. In this book, I did not attemgt tr examine ip dsteii the technisal N |
problems in the manufacture of atomic bwabs. Eut the experimental facts and . ) .
theoretical principles which form the pasle fer this new and emeszing achisvement \
of ‘modern enginssring cannot be sécrst since they wsre siready estavlished in B
1941 and have been widely putlished in the sisntific prees, including the
deviet. I shall try to famliiarize the reader with those fashs and pripciples
without aszuming tha® he bas mny spesial trairing boyoud iie gouwerel Kuowisige
suquired from intermediate acheols.. The first chapter will serve as an
1btroincoion presentéd in simple form. I have not gone into the details of
experimentsl méthods in nuclear phyalce. but have restrictsd mysslf to a short
exposition. of their nature sc tout the rsader can form for himgeif a picture n
of the manner in which the facts and principles set fTorth were established. --
Ispingred, October 1945,

Section 26. RUCLEAR REACTIONS IN TECENOLOGY

(Author’s Wote: This section was revised someviat after ths apgearanse of
the Smyth Report, but the noteusary revislcis wers .ade during proofreading.)

In ths preceding sections we have atready touched upon two technological
appiications »f present-day nuclear phyeics: (1) the oroduction of artificial
radloactive elements with any desired chemizal properties and 1lu any
guantity necessary ror the piactival nseds of chemical analyazis {radiosctive
indicators) and of medicine (rsdiotherapy); and (2) the creation of the atomic

bomb .

Turning t~ the latter problem, we shall first summarize the most. likely

! mesthods of offecting nuclear explosicns of unstable or, more exactly, metastable

K heavy elements. The problem is o find that unknown quantlty of energy of

) activation which must be appiled to the nucieug to induce it to divide almost
instantancously. Althohgh this energy is emall 1n comparison with that
given in flgsion, it 1s stiil very large in comparison with all those energles
which caa ba obtained in ordinary chemical processes (for example, in the
explosion of an ordinary shemical expiocsive). In the case of uranium and
plutonium this energy is measured in several meV, which corresponds to a
tempsrature of szplcsion of the order of one biilicn degrees centigrade.

Under suck demands {tremendous temperatures), the only possible method
- of bringing aboul. a nuclear expiosion at initialiy ~omperatively low
9 temperatures is to use the previously mentioned mechaniam «f chain reactlon
to split radioactive uranium, or piutonlum, im sonnection with the Dprocess
of multiplication of free neutrons.

w .
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To set poff this reaction, the bombardment of the corresponding target of
a mebastable heavy elewant' by eand ol [reg neubiluug Jriw an exiernal sourcs
ia not necessary; Lt 1s possibie to utilizs “primary” neutrons releasel in the
spontansous Plesinn of the radioactive urantum or plutonium nucieus.. Thias
protess proceeds at first slovly, especially In the cars of radiogctive
vrantam {radiouranium). On.y under faverable coaditlons will the uranium
gradually be driven asunder aud finally be able to explods. i

R To effect an explosion of radiouranium thers 18 no need to separate the

" radiouranium from the ordinery uranfum intvo itg pure form. It 1a suffioclent
o - tH earich the uyanium with 1ts iight lsotope by locreasing the cortent of the
# 1light 1sotope radiouranium over the ordinary uranium. oniy a few fold. But this
by no means fully solves the problem. To increase the effectiveneas of the -
fast sscondary neutrons, it 1s nscessary to slow them down with the aid of IR y
heavy hydrogen or carbon (graphite}. .It seems then that the nsutrone with ‘
energy. approximately 25 eV are captured by the heavy lestope of uranium, with
extraordinarily great forco. It le this circumastance that particulerly makes
necessary the enriching of uranium with the light isotope to effect: the chala
exploslon. . oo .

. Several years ago Amerlcan s~isntists aucceednd in nbtalning this enrich-
ment as described and also in Tully isolating radicuranium with the ald of
various tkeibode, very well Kaowa in primciple, which were brought to & high -
stateé of technical perfection. Thus, for exampie, Urey effected leolatlon by
diffusing one of the gaseous compounds of uranium through porous mewdbranes
(the wumber of these membranes rsached 4,000 and thelr average srea was 20 ‘ - B LTI ST
neciares). . lawrence, however, used a method of elsctromagnetic separation of T ) g
iasotcnes, succeeding in effecting the complete separation of both of the
L h ipotopes of uranium and moreover in suprlying the quantity necessary for
technical needs.

To realize the process of :shain fission of radiouranium in swall quantitias,

e it would be necessary to disperse the uranium in heavy water, that is, in a
compound of oxygen and heavy nydrogen {heavy water may be produced from

e ordinary water by elestrolysis. Thus to cbtain one iiter of heavy water it is
neceenary to proceas hundreds of tons of urdinary wauer, in which the hearvy
vater existe in o state uf admixztuve). Here the cxygen nuciel, for all g
practical purpnses, 4o noct capture the neutrons, because the mealol of the .
heavy-hydrogen atoms quickly slow down the epsed of the nsutronn to the thermal
level. The distance traveled by such thermal neutrons through radfourerium )
e seem8 very small in proporticrn to ths speed of meutrous. Howevor, the growta N
' of vhe cxplosion in thisg came does not proceed fest enough, ac the sample maas

: of radiouranium would fiy apart into separate small pisces, withont having
T succeeded in fully exploding. The plecas would be incapable of further ex-
plosions because of their small sizes (they are considered small when thelir
linear dimenslons are less than the aversge free path of the neutrona).

Therefore, to bring about explosion of a radicuranium bomb it apgoare
necessary (1) to employ high-spsed neutrons with comparatively large free
paths and, consequently, (2) to Lacrease correspondingly the geomstrical
dimenglons and, therefore, the weight of the active masa to be oxploded. For
vstter utilization of the neutrons, the active mass 18 surrounded in the bomb
by a substance that can reflect the neutrons as strongly as possible. (The
physical dimensions of & kard aolid mass of radiouranium or plutonium necessary
and sufficlent for spontansous explosion can be determined in the following
way: Lot us assume for the sake of simplicity that all neutrons possess one
and the same velocity Y to which there corresponde a definite length')s .
traveled by the average neutrous before its capture by a nucleus. Thea each 8
neutrons that appears upou fisslon of a nucleus causes, by the time T = ) ’
the fission of a cew nucieus and thus generstes, on the average, ‘¥ neutrons.
Acoording to Suyth, in the case cf radioactive uranium & equals /~~3).
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.. . In the case of (1) anr aﬂtlva massg of {nfinite dimension, and. (?) con-..
stanoy in the number of nuclei capable of Iiseion, then the number of free
neutrons should therefors lncrease, in the time T , one and a half times.
Aotnally, however, the neutrons located cloase to the surface of the active

mass can egcape through the surface and not bring about any fisaion at all.

The mumber of such loat neutrons flying out through the surface 3 of the

agtive mags in & certaln length of time t that is less in ¢omparison than €

is egual approximbely to one half the number of nseutrons in a auperficial

layer of thicknese vt {singe the other half of the nsutrons, {f the probabill-
ties of the various dizections of travel are all equal, are moving not out-
werdly but inwardly); t-at 1g, the number escaping 1s equal to the product of

#fa vt and the number N = 4 of neutrons in a unit of volume of the active
miags (vhere N 1 the total number of neutrons and V' 1s the volume of the
adtive mAss)., Then the change in the number N in time 4 18 repressnted b .
the difference between the increase (¥~1)' HF and the superfictal outflowg .- Svt
threugh the surface. For the chaln exploaion to progress, it is neceasary that
this différencé possess & poaltive valus, The critical dimsnalons of the astive
nass, 1.6, the minimus dimensions satisfying these cond'tions, are expressad
therefore by the followlag:

that is:

or, since

If the aotive mass is a sphore of radius R, then ¥ = , 80 that the
preceding forsmla takes the form:

R= __2A
2(0y-1) "
In the case of radiouranivm, % 1s squal to 1 - 3 and therefore R= 7\ i.e.,
for & spherfoal radiovuranium bomb to sxplode, its radius must be equa] to or
grester than the average distance traveled by a fast neutron before its caphure.

Iater, in the.preparation of tie atom bomb, American scleutliats used
avother prinoiple in producing artificisl piatonium. To produces plutonium, at
‘first sight it wouid seem necessary tc bombard uraniuvm with free neutrons from
some external source, which would require a great expenditure of ensergy to
f2ye these neutrons from the nuclei holding them, by bombardment with fast
protons and deutervas Actually, hovever, they sucoeeded in avelding this great
outlay of eneragy and alec in obtalniug plutonium 5y a proceas that 4id not re-
quire the uss of neutrons from an external source and that was connected, not
with the absorption, dbut with the nroduotion of tremendous quantities of atomic
onergy.

We know that small pleces of ordinary uranium must be distributed in a
ocuffiociently large quaniity of aeavy water or some other substznce, graphite
for examrle, capable of gquickly sloving down rcsutrons without actually
oapturing them. Secondary neutrons emitted during fission of radiouranium
atomy ‘aro oaptured either by other still-undivided atoms of the eloment
(partioularly if they have succoeded in lpsing their speed) or by atoms of
heavy uranium W23% , ZIn the first ocass, the neutrons are "multiplied® by
the resulting fission of the muclei of W33¢ [7/235%7; 1in the second, the
neutrons result in the formation of super-heavry uraniam of atomic veighf 239
whioh thersupon is transformed spontaneously into nsptuninm and immediatesly
after that into plutonium. 7o harmonize both processes, it appears necessary
to dispoerse uranium in a modsrator (heavy water or graphite) so deaigned that
the neutrons Yormed inside each plece of aranium are not all slowed down to a
low energy level of approximately 25 eV, where neutrons are especially oftea
captured by the heavy imotope W 337 . The moderator 1s aleso sc designed that,
1f nevtrons escape one plece with energles considerably greater than 25 eV and
then enter the moderator ia great numbers, they may strike another plece of

i -8 -
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N uraninn as slow thermal neutrons with energieu of the order of several .
o . T . Chundred oV (wialch:curresponds to e snorgy v hicrmal ‘ustion at ‘atemperature
’ of gsveral hunived degrees). With rational selaction of dimensions for the
) . * . peparate plecesz of uranjum and elsc with a sufficiently large graphite--
" ) . nranium pile {necessary in viewx cf the emailness of the coefficlent of increaso
. " in the number of free neutrcns rising during fiseipn of radiouranium), both
et . procesgses procsed together in parallel zo that the flssion of radiouranium
D does not tecome an exploglon, but progressss comraratively slowly, leading
i . finally to the trandformation &f a:small part of the heavy uranfum tc plutoniug
R {in guantities approximately equal to the amount of the light isotope). The
; nuclear energy released dunng thie process 1. 6., the kinetic. energy of.
products of fisslon of UA3b and aiso beta radiations emitted during the con=-
vergion of UA27 into neptunium and :ater intn- p-utunium) may be ‘utilized to
-pover varioud mechaniams and machines fur peaceful industrial purpnses.

According to official American daie, this sourse has soemed the most
ratioral and ecoromical one to pursue during the productlion of rlutonium for
atom bombe (each bomb cortalns several kilogramsof plitoninm). In the -

moderator, graphite carefuily freed of sdmlxtures capable of sapturing neutrons \ ;
wag gencrally useds Thie work was dlrected by E. Ferml and weas crowned with ) )
guacegs,. Uraniom wag then introdusved into thle graphite amss in the form ¢f ’ : v
thin xuds, so that they formed a iattire-like mass inelde.. After the prepara-
tion of plutonium, the lattsr can bo copavated by ordisary chemical mothods in

the form of small crystals incapable of ap:vntaneouq exploeions, egpeclally in
consequence of their sma.L'L dimansims

The ability or ina.bixicy of a rlece of radivuranium or plutonium tc ex-
plode sponteneoualy, depending on its geometrical dimensions, 18 related to the
fact that part of the neuirers aprearing within these pleces can sscape out-
werdly without sucountering eny colllalons and then completely disappeas; that
| 18, these escaping neutrons are incapable of further multipiication of free
N neutrons. The greater the reiative number of such escaping neutrons, the
C grester must be the surface of the plece uander covuslaeration ia ratio to its

volume. If this plece is spherical, then ths retis of surface to volume is
fuvergely proportional tn its radius.

If the redius is large in compariscn wltk the average distance travelsd

by & nsutron before caplure, then ths leaxage of the neutrons tarosugh the e

" surfaces does not play an essentlal role. In thie case the avalanche of ¢
o neutrons develops quichly and finuily offects an explcslon. If the vadlus 1s
oot small in comparisoa sith the distancc traveled by e nedtrou pefore capture,

then ths oococurrsnce of sach an avalanche becomss impossible. Ths critical N

| vaiue of the radius at which the metal bali of radicuranium or plutonium -
A loses stability 18 close to the average distance ‘raveled by a neutron before

final capture, depending upon the active mass and the speed of neutrons.

To pravent the spontansous explusicn of radiouranium or plutocium it is P
necessary to Pprepare and maintain these substances in the form of separate v
pleces of so-called "pre-critical,” 1.e.,.close to the critisal.size. The p
unlon of two or mors such pleces inte cne so-called “hyperoritical® plece
e mist lead to instantaneous explosion. The explosion of an atom bomb is
o offected in this manner.

This oxplosion is propagated within the bomb with tremendous speed, close
to the epeed of motion of neutrcns. If this motlon possessss a speed of the
order of 1/10 or 1/100 that of light, then the explosion outruns the process w
accompanying it, that of breaking up cr vaporlzing the solid eubstance '
comprising the bombs active mass. Thls process more or less guarantees the
fully efficlert ntilization of the precicus mass.
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Thig aituatir:n in partizutiar -Year'; eroiains rhe inevrediensy iof

'slwlng down the neutrons by dierer:lng oy "; ting she radicuranium or )
plutontum in beavy water ur in graphite. ihe deciease, otherwlse deairabls, ,
in the minimm quantity of these eubstancees ‘radicu-anium or plutonium) :
recessary for explosion {(in 'onnsction with the des ease in the ayerage
_distanse traveled by a nsutron before capture} dces not compensate foir this
decrease in the effectiveness of explosicn, i.e., the actual effective nuclear
~explosion is of too short & duraticn. It ia Losslbis, hovwever, that the
variation Ln such dispsreal of the active mass may prove very sxpedisnt

vhen utilizing stomic epergy for vdastriai purpreed. .

Tu ut*lize for psaceful rummim,ary pUTToses the elemental explosive

A substances which all heavy elements fahvve ail, radicactive uranfum and .
plutonium) sdem to be, it 18 necessary fur physiclste and ergineers to learn
to control the processes nf thess substances, aot permitting sudden violent
explcsions but g\:&ranceeing & comparatively sinw flo of energy, released in a
emooth-controlled mannér as désired and nut in powsrful explogions reducing
everything to ashes. (As for the magnitude of destruction produced by atom
“bombe: Which were hurled on the Japanese ports of Hiroshims and Nagasaki, we
have aurricisatly detalled information obtained Prom foreign pudblications, In
thia connection, Ve consléer the following worthy of note: the fear that

the explosion of an atom bowmb can explode the surrounding matter and almost
all the world is abaolubely ridiculous since the earth and particularly its
‘oTust consists malnly of 1ight. elements fully stable relative tu the processes
of-‘nuclear figsion snd disintegration.)

The danger of tite traneition frcm. the alow burning of fuel in furnaces
or motors to the terrible nuclesr explosion la prreverted by various mothods:
by eystems of aupplying fuel and ourning it and sisp by thke iantroduction of
various antidetonators cr gimilar sutatances to sicw down the growth of the
burning reaction. A similar problem of contvoliing rucisar reaction on the
industriai scale confrunts the nev ssienses of atomic physivs and technolugy.
Thie problem, though very compiicated, is fully aclved, bul obviously it is
st11l imposslble to reveal the concrete methcde of its solution.

If sclence and technology succesd i1n checking the Impstuous growth of
nuclear "rirebrands” by some aort nf ouciear reactien lavolring the conden-
satlon of hydrogen intc heavier sisments or tho dlsintegration of heavy
elements, to absorb exceesive energles ci nuclear rTeasilons, taen a new era
will vpen vp before humanity, that of the complete dominatinn of ihe forces of
nature dnrasnt in laert matter. These forces are the ones which were not
completsly spent during the period of development of matter in the centers of
stars. They permit mankind not oaly tc guarantee well-being on the earth but
aleo, perhaps, empower him to realize the dream of intarplanetary travel. The
utilizetion of atomic energy for the grod vf mankind seems, however, to be
possible only 1f 1t concerns uot only physiciste and teshnologists, but.also
bharmonious diplonatic relatinnsg between ths raricus rations and states.
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